A simple new technique was developed for the rapid purification of either the membrane-bound or the released forms of the variant surface glycoprotein of Trypanosoma brucei in high yield. Whole cells were used as the source of the membrane-bound form, and the supernatant of benzyl alcohol-treated cells was used as the source of the released form. The technique was based on extraction of the acidtreated protein into chloroform/methanol, followed by selective re-partition into aqueous salt solution. The yield of purified protein was found to be dependent critically on a low pH during the extraction/re-partition stages This finding and the ability to cycle the protein repeatedly through organic and aqueous phases in a strictly pH-dependent manner suggested that the protein could undergo fully reversible denaturation/renaturation only while in an extensively protonated form. The yield was independent of the polarity of the organic phase and the protein concentration over a wide range. After purification, both forms retain their ability to react with specific antibody raised against the authentic native protein purified by conventional means. The amino acid composition and the identity of the N-terminal amino acid was the same for both forms of the protein. In addition, both forms had blocked Cterminal residues. There were determined surface glycoprotein per cell.
Most of the published methods for the purification of the variant surface glycoprotein (VSG) of trypanosomes yield only the released form (VSGr) of the protein (Cross, 1975; Strickler et al., 1978; Reinwald et al., 1981) . The observations by Almeida & Turner (1983) , that the membranebound form of the protein (VSGm) is preserved and solubilized by addition of detergents to whole cells, has allowed the development of a purification procedure for VSGm (Ferguson & Cross, 1984) . However, it would be of much greater use to have a simple, rapid and reliable purification procedure for both forms of the VSG that in both cases was not based on the use of detergents, since VSGm contains partially characterized lipid that is not to be 1.13 x 107 copies of the variant found in VSG, (Ferguson & Cross, 1984) . Furthermore, the exact structure of the covalen.ly linked lipid is important, because VSGm, but not VSGr, is attached to the outer leaflet of the plasma membrane by means of a phosphodiester linkage to this lipid (Jackson & Voorheis, 1985) . In addition, the covalently linked lipid may have a somewhat unusual structure (Jackson & Voorheis, 1985) . For all of these reasons it is obvious that purified VSG, completely free of detergent and non-covalently linked lipid, would facilitate the unequivocal determination of the exact structure of the covalently linked phospholipid. Owen (1976) that the radiolabelled VSG, after treatment with trichloroacetic acid, partitions along with several other proteins into chloroform/methanol as long as the mol fraction of water is low enough to give a single-phase system and that, when the organic extract is separated into Biochem. J. (1985) 230, 195-202 two phases by the addition of aqueous NaCl, the VSG alone re-partitions into the aqueous phase. When whole cells are used as the starting material, the procedure yields purified VSGm; when the supernatant of cells treated with the local anaesthetic benzyl alcohol (Jackson, 1983 ) is used as the starting material, the procedure yields purified VSGr. In addition to the utility of this method, the observed reversible protonation-dependent denaturation/renaturation behaviour of both forms of the VSG have important implications for models of its structural organization.
Materials and methods Chemicals Radiochemicals were from The Radiochemical Centre, Amersham, Bucks., U.K. Solvents were of the highest grades available from BDH Chemicals, Poole, Dorset, U.K., and were redistilled before use. All other chemicals were from BDH or from Sigma (London), Poole, Dorset, U.K.
Source and preparation of cells
The source, history, cloning, storage, growth, isolation and quantification of bloodstream forms of Trypanosoma brucei 427-1 2-ICI-060 have been reported previously (Voorheis, 1980) . This clone has also been named MITat 1.1 (Holder & Cross, 1981) .
Purification of the membrane-bound form of the variant surface glycoprotein (VSGm) A suspension of bloodstream forms of T. brucei (1 x 1010-5 x 1010 cells) in 10-20ml of KrebsRinger phosphate buffer (Voorheis, 1980) Radiolabelling of the variant surface glycoprotein VSG was labelled in situ Voorheis et al., 1982) for some experiments before purification of either form of the coat protein.
SDS/polyacrylamide-gel electrophoresis
This was carried out in slab gels by the method of Laemmli (1970) as modified by Studier (1972) .
Immunoblotting
The procedure of Vaessen et al. (1981) Vaessen et al. (1981) .
Amino acid analysis Samples of-purified VSG, dissolved in HCI (6M), were hydrolysed in vacuo at 1 10°C for 24h and the hydrolysates analysed on a Locarte amino acid analyser. End-group analyses N-Terminal amino acid residues were identified after conversion into the dimethylaminonaphthalene-l-sulphonyl derivatives by the method described by Allen (1981) .
C-Terminal amino acid residues were identified either by the selective 3H-labelling procedure of Matsuo et al. (1966) , or after hydrazinolysis (80°C, 24h) as described by Fraenkel-Conrat & Tsung (1967) . Surface area of bloodstream forms of T. brucei. The surface area of T. brucei was calculated to be 186.5 pm2 from an idealized model of a trypanosome constructed from a composite series of cones and cylinders by using the appropriate mensuration formulae (Fig. 1) . The dimensions of each cone or cylinder were taken from electron photomicrographs of whole negatively stained cells and thin sections of cells prepared as previously described (Voorheis et al., 1979 (20-100yu) . . vated the coat-releasing enzyme. In addition, the amount of VSG recovered during solvent extraction fell by a factor of 2-4-fold when the initial treatment of cells with trichloroacetic acid was omitted, or when the initial treatment was instead either urea (8M) or NaOH (50mM). (Fig. 2a) showed that the upper aqueous phase contained only VSGm in a highly purified state (recovery 68 + 9%; n = 9). The remaining cellular protein, together with a small amount of trapped VSGm (recovery 12+1_%; n = 6), was present in the interfacial precipitate. Only trace amounts of VSGm (4±+ I%; n = 6) were recovered in the lower organic phase. VSGm that had been extracted once into chloroform/methanol and repartitioned into aqueous NaCl could be reextracted/re-partitioned during a second cycle of purification only after re-treatment of the VSG with trichloroacetic acid.
Purification of VSGr
When the solvent-extraction/re-partition procedure described above was applied to the trichloroacetic acid-treated supernatant derived from benzyl alcohol-treated trypanosomes, VSG, (Mr 60000) was recovered in highly purified form (final yield 51 + 9%; n = 9) in the final aqueous extract (Fig. 2b) . The faint bands that always co-purified with both forms of the variant surface glycoprotein (Figs. 2a and 2b) represented micro-heterogeneity in the N-linked carbohydrate (Cross, 1975; Strickler et al., 1978; Strickler & Patton, 1980; Reinwald et al., 1981; Holder & Cross, 1981; McConnell et al., 1983 (Fig. 3) shows that both VSGm and VSGr bound antibody with high affinity. Confirmation that both forms of the VSG carrying the same antigenic determinants were distinct entities was obtained by showing that they migrated with markedly different electrophoretic mobilities either separately or when mixed together before SDS/polyacrylamide-gel electrophoresis (Fig. 4) Cross (1975) for VSG (released form) of the same variant (MITat 1.1) when purified by conventional procedures, and that found by Owen (1976) for the VSG purified from trichloroacetic acid-treated cells (membrane-bound form).
End-group analyses of purified VSG species resulted in the identification of a single unmodified alanine residue at the N-terminus of both VSGm and VSGr, consistent with the absence of any covalent modification of the N-terminus during release of VSG from the cell surface. However, internal cleavage of the VSG to expose a new Nterminal alanine, although unlikely, cannot be Vol. 230 eliminated unequivocally. Both the selective 3H-labelling procedure of Matsuo et al. (1966) and hydrazinolysis (Fraenkel-Conrat & Tsung, 1967) failed to identify a free C-terminus in either form of the VSG. This latter result demonstrated that both forms of the VSG contained blocked C-termini and suggested that the cross-reacting carbohydrate determinant, which is known to be linked to the Cterminal carboxy group of VSGr via a molecule of ethanolamine (Holder, 1983) , most probably was linked also to the C-terminus of VSGm. Number of copies of the variant surface glycoprotein attached to the plasma membrane ofa single cell and its packing density Each cell was found to contain 1.13 (+0.02) x 107 copies of VSG attached to the outer surface of the plasma membrane (Table 3 ). In addition, the surface area of an individual trypanosome was found to be 1.865 x 108 nm2 (Fig. 1) . These values allow the packing density of the VSG to be' calculated as 1 copy/16.5nm2.
Discussion
The solvent-extraction/partition technique is a new method for purifying either form of the variant surface glycoprotein that should facilitate the determination of the covalent difference(s) between both forms of the VSG. When the technique is applied to trichloroacetic acid-treated trypanosomes, the membrane-bound form of the VSG is purified. Alternatively, when the technique is applied to the trichloroacetic acid-treated supernatants of cells, previously incubated with either benzyl alcohol (Jackson, 1983) or Ca2+ plus ionophore A23187 Voorheis et al., 1982) to release VSG, specifically, or with sufficiently hypo-osmotic medium at 37°C to cause cell rupture (Cross, 1975; , the released form of the VSG is purified. The released form of the VSG from the variant used in this study has the higher apparent Mr of the two forms as assessed by SDS/polyacrylamide-gel electrophoresis. However, this change in electrophoretic mobility is also observed in nonequilibrium pH-gradient electrophoresis and has been shown to result from the appearance of an additional negative charge on VSGr created by cleavage of a phosphodiester bond on VSGm during its release from the surface of the cell (Jackson & Voorheis, 1985) .
Treatment of trypanosomes with trichloroacetic acid must inactivate the enzyme responsible for VSG release in vivo as well as leading to protonation of many functional groups on the VSG and unfolding of the tertiary and possibly the secondary structure of the VSG, facilitating its solubility in chloroform/methanol. In fact, acid treatment of this protein promoted its re-partition into the aqueous phase to an extent that was 10-fold greater than the extent of its initial solubility in the organic phase. Furthermore, protonation of VSGm was required in its own right for the observed partition behaviour, since denaturation with either urea or NaOH was insufficient for sequential extraction/re-partition. The observation that the acidtreated denatured VSG that has dissolved in chloroform/methanol can be partitioned subsequently into an aqueous phase suggests that under appropriate conditions the VSG may undergo reversible denaturation/renaturation. This suggestion also is strengthened by the further observation that VSG that has been through the complete purification procedure and freeze-dried can then once again, only if re-treated with trichloroacetic acid, be extracted into chloroform/ Table 3 . Estimation of'the number of'copies of'variant surface glycoprotein in the plasma membrane ofeach cell of T. brucei Radiolabelled VSGm was purified from surface-labelled trypanosomes by the solvent-extraction procedure, and the amount of radioactivity both in whole cells and in the purified VSGm was determined by liquid-scintillation spectrometry. Protein was measured by the method of Lowry et al. (1951) . For Expts. 1 and 2, each value is the mean + S.E.M. for three determinations. The S.E.M. for the average of both experiments was computed by Fieller's theorem (Finney, 1978 methanol and subsequently re-partitioned into aqueous NaCl. No attempt has been made to discover how many times the VSG can be cycled in turn through organic and aqueous phases. However, this property was not shared by any other protein in T. brucei, but was demonstrated by both forms of the surface antigen. Reversible denaturation/renaturation most likely is a consequence of the large a-helical content of VSG, as reported previously (Cohen et al., 1984; Freymann et al., 1984) . Such behaviour is commonly associated with proteins such as the keratins, which are known to have a large helical content. The solvent-extraction/partition procedure has the advantage over conventional techniques for purifying the VSG by being both very rapid and simple as well as providing a high yield. In addition, the procedure allows simultaneous purification of both apparent-Mr forms of the VSG from the same batch of cells without the use of detergent and in the complete absence of proteolytic degradation, which has been a problem for workers in the past (Cross, 1975; Barbet & McGuire, 1982) .
The number of molecules of VSG per cell determined in these studies is about double the estimate made by Cross (1975) . However, the density of packing found in the present study and that by Cross (1975) is about the same, since we also find a much larger surface area, probably owing to a somewhat closer approximation to the true surface geometry. This larger number of molecules of VSG is also found in other variants (M. J. Turner, unpublished work). It is also noteworthy that 42% of the VSG is predicted from Vol. 230 2()1
